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We study magneto-transport phenomena in two rare-earth doped topological insulators, 
SmxFexSb2-2xTe3 and SmxBi2-xTe2Se single crystals. The magneto-transport behaviours in both 
compounds exhibit a systematic crossover between weak anti-localization (positive 
magnetoresistance) and weak localization (negative magnetoresistance) with changes in 
temperatures and magnetic fields. The weak localization is caused by rare-earth-doping 
induced magnetization, and the weak anti-localization originates from topologically protected 
surface states. The transition between weak localization and weak anti-localization 
demonstrates a gap opening at the Dirac point of surface states in the quantum diffusive regime. 
This work demonstrates an effective way to manipulate the magneto-transport properties of the 
topological insulators by rare-earth element doping. Magnetometry measurements indicate that 
the Sm-dopant alone is paramagnetic, whereas the co-doped Fe-Sm state has short-range 
antiferromagnetic order. Our results hold potential for the realization of exotic topological 
effects in gapped topological insulator surface states. 
 
Topological insulators (TIs) are one type of topological matter, which have an insulating bulk 
state and a topologically protected metallic surface state with spin and momentum helical 
locking and a Dirac-like band structure.[1,2] Backscattering in the Dirac fermions by 
nonmagnetic impurities is prohibited due to their protection by time-reversal symmetry (TRS). 
Unique and fascinating electronic properties, such as the quantum spin Hall effect (QSHE), 
topological magnetoelectric effect, giant magnetoresistance, and Majorana fermions, are 
expected from topological insulator materials.[3,4] Topological insulator materials also exhibit 
a number of excellent optical properties, including ultrahigh bulk refractive index, near-
infrared frequency transparency, unusual electromagnetic scattering, and ultra-broadband 
surface plasmon resonances.[5-8] These excellent electronic and optical properties make 
topological insulator materials suitable for designing various advanced electronic and 
optoelectronic devices.[9-11] To date, a series of well-known thermoelectric semiconductors, 
including Bi2Se3, Bi2Te3, and Sb2Te3, have been identified as typical topological insulator 
materials.[12] Very recently, three groups carried out comprehensive first-principle 
calculations and found 3,307 TI materials and 8,056 topological materials.[13,14] Furthermore, 
they revealed that more than 27 per cent of materials in nature are topological.[15] 
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Magnetic doping can open an energy gap at the Dirac point in TIs due to the breaking of time 
reversal symmetry by magnetic impurities.[16] A variety of exotic topological effects including 
the quantum anomalous Hall effect (QAHE), topological magneto-electric effects, image 
magnetic monopoles, and Majorana fermions can be created through magnetic doping. The 
QAHE has been predicted and observed in a magnetic topological insulator [17,18]. The 
spontaneous magnetic moments and spin-orbit coupling in magnetic topological insulators lead 
to the quantum Hall effect (QHE) without an external magnetic field. The QAHE has 
demonstrated potential applications in novel electronics with low power consumption. At 
present, however, the QAHE in magnetic topological insulators is limited to extremely low 
temperatures. A high-temperature QAHE would be extremely attractive for device applications, 
however, further work is needed to optimise the magnetic and electronic doping in this family 
of materials. 
 
Magneto-transport measurements represent an important approach to explore the electronic 
characteristics of quantum materials.[19-25] Magnetoresistance (MR = (RH-R0)/R0 × 100%) is 
the change of electrical resistance of a material in an externally-applied magnetic field. has 
wide applications in magnetic data storage, magnetic sensors, and magnetoelectronic 
devices.[26-28] Chalcogenide insulators (eg. Sb2Te3, Bi2Te3 ) have large linear giant 
magnetoresistance over several hundred percent.[3] In magnetically-doped topological 
insulators, a particularly interesting phenomenon is the cross-over occurs between negative to 
positive MR with temperature, attributed to the trade-off between weak localization and weak-
anti localization effects [29].  To date, however, this has only been reported in transition-metal 
doped Bi2Se3 and there is little information about the effect of other dopants, for example, the 
exotic rare-earth dopants.  With the large magnetic moment, rare-earth elements have been 
widely used in magnets and electronic devices. Unlike defect induced magnetism, rare-earth 
element doping can generate intrinsic ferromagnetism.[30] The challenge for rare-earth doping 
is that the exchange interactions between 4f ions tends to be weak, and mediated by electron 
carriers, generally leading to low Curie/Neel temperatures. A viable strategy to enhance the 
magnetic properties of rare-earth magnets is, therefore, to combine rare-earth ions with a 
transition metal component which can foster high Curie temperatures and hard magnetic 
properties (eg. NdFeB).  In this work, we report magnetoresistance transport studies on 
samarium (Sm) doped TI single crystals and compare therese with Fe-Sm doping. With 
increasing temperature and magnetic field, the MR exhibits a transition between negative 
(weak localisation, WL) and positive (weak antilocalisation, WAL) values. The transition can 
be explained based on the transformation between a TI and a dilute magnetic semiconductor 
(DMS). The magnetoresistance cross-over may also be a sign of the opening of an energy gap 
in the surface states. The results demonstrate that rare earth elements are promising dopants for 
tuning both the electronic band structures and magnetic properties of topological insulators. 
 
High-quality single crystals were grown using the Bridgman method starting with high-purity 
Sm, Fe, Sb, Te, Bi, and Se elements in the nominal starting concentrations to yield SmxFexSb2-
2xTe3 and SmxBi2-xTe2Se (x ≈ 1%). The elements were sealed in a quartz tube, heated to 750 ºC, 
and kept for 6 hours. Then, the temperature was reduced to 700 ºC and slowly cooled down to 
560 ºC at the rate of 2 ºC/h. Finally, the temperature was cooled down to room temperature 
naturally. The resulting ingots were cracked and cleaved to reveal single crystals. The quality 
of the bulk crystals was checked using X-ray diffraction (XRD), SEM and EDS. Energy 
dispersive spectroscopy measurements in SEM reveal that the local concentration of the dopant 
was slightly inhomogeneous across the ingot. This indicates that excess dopants were expelled 
from the crystal during the growth process and the solid-solution limit of Sm / Fe is below 0.1 
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in the Sb2Te3 matrix giving real doping concentrations << 1 atomic percent. Figure 1a shows 
the X-ray diffraction (XRD) pattern of SmxFexSb2-2xTe3 single crystals, which demonstrates the 
high quality of crystals with growth orientation along the [001] direction. Figure 1b shows the 
X-ray diffraction (XRD) pattern of SmxBi2-xTe2Se single crystals, which demonstrates the high 
quality of the crystals. 
 
Electronic transport measurements were conducted in a Physical Properties Measurement 
System (PPMS, Quantum Design) using the standard four-contact method. The resistances 
were measured under varying magnetic fields and temperatures. 
 
Magnetotransport: Sb2Te3 is typical topological insulator with p-type carriers in the bulk state. 
Figure 2a shows the temperature dependence of the resistance in doped SmxFexSb2-2xTe3 single 
crystals, which present a metallic character. Actually, in the electronic structure of ideal 
topological insulators, the Fermi level falls within the bulk band gap, which is traversed by 
topologically-protected surface states. In this case, the material bulk should be insulating. The 
Fermi surfaces of most real topological insulators are often located in the valence band or 
conduction band. The intrinsic defects of Sb and Te also contribute a large amount of bulk 
carriers, which lead to metallic bulk states. In our samples, the measured metallic bulk 
conductance results from mixed contributions of the bulk states and the surface states. For 
magneto-transport, Figure 3a shows the MR in SmxFexSb2-2xTe3 crystals as a function of 
magnetic field. At 5 K, 10 K and 25 K, the MR remains negative up to 14 T and has a transition 
in 11 T. With increasing temperature, the MR makes a transition from negative to positive at 
50 K and 100 K. The negative MR is caused by the WL and is evident at low temperatures. 
The WL is related to the magnetization and the degree of time reversal symmetry (TRS) 
breaking. 
 
We also studied another bulk insulating topological insulator, Bi2Te2Se single crystals.[31] The 
rare earth Sm was doped into this compound and led to SmxBi2-xTe2Se. Due to the bulk 
insulating states in SmxBi2-xTe2Se, the surface Fermi level (EF) is located in the bulk band gap, 
and the transport properties of the gapped surface can be investigated. Figure 2b shows the 
temperature dependence of the resistance in SmxBi2-xTe2Se single crystals, which presents a 
metallic character at higher temperature (>100 K) and insulating properties at lower 
temperature (< 100 K). Similar semimetal-semiconductor transition has been observed in three-
dimensional (3D) Dirac semimetals.[32] Figure 3b shows the MR in SmxBi2-xTe2Se single 
crystals as a function of temperature and magnetic fields. The MR demonstrates a transition 
from positive to negative with increasing magnetic field. At 2.5 K – 50 K, the MR is negative 
at low magnetic fields and becomes positive at high fields. This is caused by a transition from 
WAL to WL. Above 50 K, the MR remains positive and has a parabolic shape. 
 
Magnetometry: Figure 4 presents the magnetization of SmxFexSb2-2xTe3 single crystals as a 
function of temperatures. The SmxFexSb2-2xTe3 single crystals show antiferromagnetism (AFM) 
with a Néel temperature (TN) of 125 K. Both samples show similar magnetic saturation, 
consistent with a very low doping concentration. For comparison a 3% Fe sample would be 
expected to yield nominally ~ 1 emu/gram, and the magnetometry approximately implies a ten-
fold reduction in the true doping concentration. The magnetization results correspond to the 
magnetotransport results. When the material is antiferromagnetic, it has a negative MR and 
WL. When the material is paramagnetic, it shows a positive MR and WAL. The SmxBi2-xTe2Se 
single crystal displays paramagnetism over all the temperatures. In this case, the spin moments 
are easily aligned and the magnetization could lead to negative MR. 
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Rare-earth doping into topological insulators is one way to introduce higher magnetic moments 
into magnetic topological insulators. Dy, Ho, and Gd have been used as dopants in topological 
insulator thin films.[33] High magnetic moments can be introduced into the topological 
insulators, but it is difficult to achieve ferromagnetic order. The high moment rare-earth ions 
behave like isolated magnetic moments and lead to overall paramagnetic behavior in the doped 
topological insulators. To date, long-range ferromagnetic order has only been observed in rare-
earth-doped magnetic topological insulator heterostructures due to the proximity effects and 
interface effects.[34] Ferromagnetic ordering with a Curie temperature (TC) up to 17 K has 
been found in the Dy doped layer in Cr doped Sb2Te3 and Dy doped Bi2Te3 thin film 
heterostructures. This demonstrates that a high moment of the rare earth can have long-range 
magnetic order through heterostructure engineering. Nevertheless, a band gap can still be 
opened in the topological surface states in the absence of long-range ferromagnetic order. Short 
range ferromagnetic order induced by inhomogeneous magnetic doping and the formation of 
rare-earth clusters is responsible for the gapped topological surface states.[35] 
 
In our work, we observed a transition between WL and WAL in rare-earth-doped topological 
insulators. The MR demonstrates quite different behavior in SmxFexSb2-2xTe3 and SmxBi2-
xTe2Se single crystals. They show opposite transitions with increasing magnetic field. 
Observation of the crossover is an important signature for the existence of a TRS-breaking gap 
in the topological surface states.[36] The WL results from Sm doping-induced magnetization 
in SmxFexSb2-2xTe3 and SmxBi2-xTe2Se single crystals. WL is due to the constructive quantum 
interference between the two loops. The WAL behavior originates from strong spin-orbit-
coupling (SOC) in the bulk and spin-momentum locking in the topological surface states [37]. 
WAL has been observed in the topological insulators Bi2Se3 and Bi2Te3, which originates from 
topologically protected surface states [38,39]. The surface Dirac electrons travel along two 
time-reversed self-crossing loops and accumulate a Berry phase. The destructive quantum 
interference between them reduces the return probability of the Dirac fermions, leading to a 
quantum enhancement of the classical Drude conductivity [39]. 
 
Magnetically doped topological insulators can undergo a WL to WAL crossover due to the 
TRS-breaking gap opened at the Dirac point of the topological surface states[36]. The 
magnetization-induced WL competes with the SOC induced WAL. The WL to WAL crossover 
in SmxBi2-xTe2Se is due to the transformation of the system from a topological insulator (with 
WAL) to a topologically trivial diluted magnetic semiconductor (with WL) driven by magnetic 
impurities. The crossover from WAL to WL is driven by a certain type of symmetry breaking 
that suppresses the topological protection. Lu et al. revealed a competing effect of WL and 
WAL in quantum transport when an energy gap is opened at the Dirac point by magnetic 
doping.[36] This crossover presents a unique feature characterizing the topological surface 
states by the gap opened at the Dirac point in the quantum diffusion regime. 
Antiferromagnetism, unlike ferromagnetism, does not break time reversal symmetry in normal 
circumstances. Consequently, the low-field MR does not exhibit a change in sign at 
temperatures, indicating no obvious cross-over from WAL to WL. On the other hand, the 
application of a large magnetic field can cause antiferromagnetic spins to cant and break time-
reversal symmetry. This may be the origin of the inversion in the MR sign at ~5 T below 20 K 
 
In summary, we measured the magneto-transport properties in Sm doped Sb2Te3 and Bi2Te2Se, 
and observed a complex crossover between WAL and WL. The transition demonstrates the 
suppression of the nontrivial bulk topology by magnetic rare-earth doping. The transition is 
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also evidence of surface gap opening in rare-earth Sm-doped topological insulators.. The 
results showing the possibility of short-range antiferromagnetic order due to the co-doping 
effect of Fe-Sm. The tuning of electron transport by rare-earth doping paves the way to finding 
exotic topological effects. 
 
Acknowledge: We thank Dr. David Cortie for helpful discussion and modification. We thank 
Dr. Guolin Zheng, A/Prof. Dimitrie Culcer and Prof. Michael Fuhure for valuable discussion.  
 
Reference  
[1] M. Z. Hasan and C. L. Kane, Reviews of Modern Physics 82, 3045 (2010). 
[2] X.-L. Qi and S.-C. Zhang, Reviews of Modern Physics 83, 1057 (2011). 
[3] X. Wang, Y. Du, S. Dou, and C. Zhang, Physical Review Letters 108, 266806 (2012). 
[4] M. Veldhorst et al., Nature Materials 11, 417 (2012). 
[5] Z. Yue, B. Cai, L. Wang, X. Wang, and M. Gu, Science Advances 2 (2016). 
[6] Z. Yue, G. Xue, J. Liu, Y. Wang, and M. Gu, 8, 15354 (2017). 
[7] E. Goi, Z. Yue, B. P. Cumming, and M. Gu, Laser & Photonics Reviews 12, 1700271 (2018). 
[8] H. Lu, Y. Li, Z. Yue, D. Mao, and J. Zhao, APL Photonics 4, 040801 (2019). 
[9] Z. Yue, H. Ren, S. Wei, J. Lin, and M. Gu, Nature Communications 9, 4413 (2018). 
[10] H. Lu et al., Nanoscale 11, 4617 (2019). 
[11] Z. Yue, X. Wang, and M. Gu, Advanced Topological Insulators, 45 (2019). 
[12] Y. Ando, Journal of the Physical Society of Japan 82, 102001 (2013). 
[13] F. Tang, H. C. Po, A. Vishwanath, and X. Wan, Nature 566, 486 (2019). 
[14] T. Zhang, Y. Jiang, Z. Song, H. Huang, Y. He, Z. Fang, H. Weng, and C. Fang, Nature 566, 475 
(2019). 
[15] M. G. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A. Bernevig, and Z. Wang, Nature 566, 480 
(2019). 
[16] Y. L. Chen et al., Science 329, 659 (2010). 
[17] R. Yu, W. Zhang, H.-J. Zhang, S.-C. Zhang, X. Dai, and Z. Fang, Science 329, 61 (2010). 
[18] C.-Z. Chang et al., Science 340, 167 (2013). 
[19] X. Wang, Y. Du, S. Dou, and C. Zhang, Physical Review Letters 108, 266806 (2012). 
[20] Z. Yue, X. Wang, and S. Dou, Applied Physics Letters 101, 152107 (2012). 
[21] Z. J. Yue, X. L. Wang, Y. Du, S. M. Mahboobeh, F. Y. Frank, Z. X. Cheng, and S. X. Dou, EPL 
(Europhysics Letters) 100, 17014 (2012). 
[22] Z. J. Yue, C. B. Zhu, S. X. Dou, and X. L. Wang, Physical Review B 86, 195120 (2012). 
[23] Z. Yue, X. Wang, and S. Yan, Applied Physics Letters 107, 112101 (2015). 
[24] Z. Yue, X. Wang, D. Wang, J. Wang, D. Culcer, and S. Dou, Journal of the Physical Society of 
Japan 84, 044717 (2015). 
[25] W. Zhao, D. Cortie, L. Chen, Z. Li, Z. Yue, and X. Wang, Physical Review B 99, 165133 (2019). 
[26] Z. Yue, I. Levchenko, S. Kumar, D. Seo, X. Wang, S. Dou, and K. Ostrikov, Nanoscale 5, 9283 
(2013). 
[27] Z. J. Yue, K. Zhao, H. Ni, S. Q. Zhao, Y. C. Kong, H. K. Wong, and A. J. Wang, Journal of Physics 
D: Applied Physics 44, 095103 (2011). 
[28] Z. J. Yue, X. L. Wang, Y. Du, S. M. Mahboobeh, F. F. Yun, Z. X. Cheng, and S. X. Dou, EPL 
(Europhysics Letters) 100, 17014 (2012). 
[29] M. Liu et al., Physical Review Letters 108, 036805 (2012). 
[30] D. Seo, Z. Yue, X. Wang, I. Levchenko, S. Kumar, S. Dou, and K. Ostrikov, Chemical 
Communications 49, 11635 (2013). 
[31] L. Barreto et al., Nano Letters 14, 3755 (2014). 
[32] Z. J. Yue, X. L. Wang, and S. S. Yan, Applied Physics Letters 107, 112101 (2015). 
[33] T. Hesjedal, physica status solidi (a) 216, 1800726 (2019). 
6 
 
[34] L. B. Duffy, A. Frisk, D. M. Burn, N. J. Steinke, J. Herrero-Martin, A. Ernst, G. van der Laan, and 
T. Hesjedal, Physical Review Materials 2, 054201 (2018). 
[35] C.-Z. Chang et al., Physical Review Letters 112, 056801 (2014). 
[36] H.-Z. Lu, J. Shi, and S.-Q. Shen, Physical Review Letters 107, 076801 (2011). 
[37] K. Nomura, M. Koshino, and S. Ryu, Physical Review Letters 99, 146806 (2007). 
[38] J. Chen et al., Physical Review Letters 105, 176602 (2010). 
[39] H.-T. He, G. Wang, T. Zhang, I.-K. Sou, G. K. L. Wong, J.-N. Wang, H.-Z. Lu, S.-Q. Shen, and F.-C. 
Zhang, Physical Review Letters 106, 166805 (2011). 
 
Figure Captions 
Fig. 1. XRD patterns of t (a) SmxFexSb2-2xTe3 and (b) SmxBi2-xTe2Se single crystals. 
Fig. 2. Resistance as a function of temperatures in (a) SmxFexSb2-2xTe3 and (b) SmxBi2-xTe2Se 
single crystals. 
Fig. 3. MR in (a) SmxFexSb2-2xTe3 and (b) SmxBi2-xTe2Se single crystals at different 
temperatures. 
Fig. 4. (a) Magnetization of SmxFexSb2-2xTe3 single crystals as a function of temperature. (b) 
Magnetization of SmxBi2-xTe2Se single crystals as a function of temperature.  
Fig. 5. (a) Magnetization of SmxFexSb2-2xTe3 single crystals as a function of magnetic fields. (b) 
Magnetization of SmxBi2-xTe2Se single crystals as a function of magnetic fields.  
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